The International Ultraviolet Explorer (IUE) was launched January 26, 1978 in Greer to obtain ultraviolet spectra of astronomical sources. The Observatory has now surpassed its nominal design lifetime of three years in orbit.
Introduction
The IUE was launched on January 26, 1978, and about nine weeks later it began routine operations as an international observing facility devoted to ultraviolet astronomical spectroscopy. The satellite hac a nominal design lifetime of three years ano now, after completion of its thiro year of operations, it is time to review the performance cf the instrumentation ano its prospects for additional life. In Greer to assess the current performance of the instrumentation, it is worthwhile reviewing first the original mission objectives ano how they were translated into instrumental designs.
The original design concept calleo for a telescope facility capable of obtaining ultraviolet spectra of astronomical sources over the wavelength range from about 1150A to 3200A. A high dispersion mode yielding a spectral resolution of about 0.2A was desired to study the atmospheric characteristics of bright stars ano planets.
In addition a low dispersion option with about 7A resolution was required to obtain information on faint sources. Two additional requirements were fundamental in determining the design of the scientific instrument and of the spacecraft to support it: first, the instrument shoulc be able to record simultaneous data over large spectral ranges and, second, the spacecraft should be able to take maximum advantage of the observer's real time judgment concerning the quality and content of his data.
The first of these requirements suggests a spectrograph using an imaging system, such as an integrating television camera, capable of obtaining long exposures of a large spectral interval. An echelle spectrograph produces a compact spectral formal with high dispersion, making efficient use of the imaging capability of a television camera.
The low dispersion mode can be achieved easily by deleting the echelle grating from the optical train leaving only the cross -disperser to produce a low resolution spectrum.
The second requirement demands rapid turn -around communications between the spacecraft and the observer on the ground.
For this reason a geosynchronous orbit was selected which allows continuous real time control from the Goddard Space Flight Center and also allows real time operations for at least 1G hours each day from a control center near Madrid, which is operated by the European Space Agency for the benefit of European astronomers.
The procedures are fundamentally different from those for previous low altitude orbiting observatories which have had to acquire data while remote from ground control. Even after the TORS communications system becomes available, opportunities for high speed data transfer from low orbit to grouno will occur only curing discrete, pre -programmed intervals.
In the case of IUE, control ano performance monitoring are exercised continuously.
The telescope field is displayed to the observer who identifies his target star and directs the course of the observation in real time.
The IUE was launched on January 26, 1978, and about nine weeks later it began routine operations as an international observing facility devoted to ultraviolet astronomical spectroscopy. The satellite hac a nominal design lifetime of three years ano now, after completion of its thiro year of operations, it is time to review the performance of the instrumentation ano its prospects for adoitional life. In oroer to assess the current performance of the instrumentation, it is worthwhile reviewing first the original mission objectives ano how they were translated into instrumental designs.
The original design concept called for a telescope facility capable of obtaining ultraviolet spectra of astronomical sources over the wavelength range from about 1150A to 3200A. A high dispersion mode yielding a spectral resolution of about 0.2A was desired to study the atmospheric characteristics of bright stars ano planets. In addition a low dispersion option with about 7A resolution was required to obtain information on faint sources. Two additional requirements were fundamental in determining the oesign of the scientific instrument and of the spacecraft to support it: first, the instrument should be able to record simultaneous data over large spectral ranges and, second, the spacecraft should be able to take maximum advantage of the observer's real time judgment concerning the quality and content of his data.
The first of these requirements suggests a spectrograph using an imaging system, such as an integrating television camera, capable of obtaining long exposures of a large spectral interval. An echelle spectrograph produces a compact spectral formal with high dispersion, making efficient use of the imaging capability of a television camera. The low dispersion mode can be achieved easily by deleting the echelle grating from the optical train leaving only the cross-disperser to produce a low resolution spectrum.
The second requirement demands rapid turn-around communications between the spacecraft and the observer on the ground. For this reason a geosynchronous orbit was selected which allows continuous real time control from the Goddard Space Flight Center and also allows real time operations for at least 10 hours each day from a control center near Madrid, which is operated by the European Space Agency for the benefit of European astronomers. The procedures are fundamentally different from those for previous low altitude orbiting observatories which have had to acquire data while remote from ground control. Even after the TORS communications system becomes available, opportunities for high speed data transfer from low orbit to ground will occur only ouring discrete, pre-programmeo intervals. In the case of IUE, control ano performance monitoring are exerciseo continuously. The telescope fielo is displayed to the observer who identifies his target star and directs the course of the observation in real time.
A synchronous orbit has other advantages. Because the Earth subtends an angle of only 17°, the unconstrained area of sky is much greater than for low orbits and, since the Earth's apparent motion is along the ecliptic at the diurnal rate, the occurrence of occultations is infrequent. Consequently, over large portions of the sky both long exposures and extended observations of variable phenomena can be carried out, free from periodic interruptions due to Earth occultations. A penalty is that observations must normally be made in full sunlight, so the telescope must be baffleo to ensure adequate rejection of stray sunlight and earthlight. Fortunately, sunlight back-scattered from the Earth contains very little UV energy so that the scientific data are not appreciably affected by earthlight. On the other hand, the guidance system depends on tracking the white light image of a convenient star near the target, anc the startracker will become saturated as the telescope approaches the Earth's limb, making it impossible to guide.
Optical instrumentation
The scientific instrument for the IUE consists of the telescope, fine error sensors, echelle spectrographs, and television cameras.
The telescope has a 0.45m aperture, a focal ratio of 15, and a Ritchey -Chretien figure that provides a useful field of 16 arc minutes. The baffle system starts at the forward sunshade which is cut at a 43° angle with respect to the optical axis, so that the telescope may be pointed in any direction greater than 43° from the sun. The 43° angle was selected to permit observations of Venus when it is at greatest elongation. The forward rim of the sunshade contains diffraction edges so that sunlight must be triply diffracted before it can enter the telescope tube. The small amount of sunlight that gains entry to the tube is further reduced by internal light baffles.
The most troublesome source of stray light is the sunlit Earth, which may appear at any angle with respect to the telescope axis. The baffles inside the sunshade are angled so that light is preferentially scattered back out of the sunshade, and all off -axis light must suffer at least two scatterings before it can reach a telescope mirror. With this design, stray light from the Earth or the Moon is of negligible intensity as long as the primary mirror is not directly illuminated; this can occur, however, if the Earth's limb or the Moon is less than 25° from the optical axis.
Behind the primary mirror are the spectrographs ano fine error sensors. The spectrograph entrance apertures are holes drilled in a mirror mounted at 45° with respect to the telescope axis. This mirror reflects light from the field surrounding the apertures into a relay optical system that reimages the field onto an image dissector which serves the dual purpose of a field camera, transmitting an image to the ground so the observer can identify his target star, and a startracker which can be commanded to guide on any convenient star in the field after the image of the target star has been maneuvered into the desired entrance aperture.
This method of off -set tracking makes it possible to observe any astronomical source, regardless of its brightness or nature, provided only that its position is known or can be measured with respect to a nearby guide star.
Behind the mirror containing the entrance apertures are mounted two echelle spectrographs. To achieve adequate spectral resolution it was necessary to split the total spectrum into two ranges, from 1150A to 1950A and from 1900A to 3200A, and so there are two spectrographs -each optimized for its own spectrum interval. Although two exposures are required to cover the full spectral range, the observing efficiency is hardly affected since the spectra of most astronomical sources vary so greatly in brightness that two exposures would have been necessary anyway in order to obtain optimal signals over the entire spectrum. The arrangement of the components for the short wavelength spectrograph is shown in Figure 1 Figure 1 . Schematic arrangement of the short wavelength spectrograph and fine error sensors apertures, one a circle of 3 arcsec diameter and the other a 10x20 arcsec oval. Since the apertures are fixed, it is necessary to alter the pointing direction of the telescope in order to move from one aperture to the other. After passing through the aperture plate, light from the target strikes an off -axis paraboloidal collimator, is reflected to an echelle grating, and then dispersed to a spherical grating which serves both as SPIE Vol. 279 Ultraviolet and Vacuum Ultraviolet Systems (1981) / 169
The scientific instrument for the IUE consists of the telescope, fine error sensors, echelle spectrographs, and television cameras. The telescope has a 0.45m aperture, a focal ratio of 15, and a Ritchey-Chretien figure that provides a useful field of 16 arc minutes. The baffle system starts at the forward sunshade which is cut at a 43° angle with respect to the optical axis, so that the telescope may be pointed in any direction greater than 43° from the sun. The 43° angle was selected to permit observations of Venus when it is at greatest elongation. The forward rim of the sunshade contains diffraction edges so that sunlight must be triply diffracted before it can enter the telescope tube. The small amount of sunlight that gains entry to the tube is further reduced by internal light baffles. The most troublesome source of stray light is the sunlit Earth, which may appear at any angle with respect to the telescope axis. The baffles inside the sunshade are angled so that light is preferentially scattered back out of the sunshade, and all off-axis light must suffer at least two scatterings before it can reach a telescope mirror. With this design, stray light from the Earth or the Moon is of negligible intensity as long as the primary mirror is not directly illuminated; this can occur, however, if the Earth's limb or the Moon is less than 25° from the optical axis.
Behind the primary mirror are the spectrographs and fine error sensors. The spectrograph entrance apertures are holes drilled in a mirror mounted at 45° with respect to the telescope axis. This mirror reflects light from the field surrounding the apertures into a relay optical system that reimages the field onto an image dissector which serves the dual purpose of a field camera, transmitting an image to the ground so the observer can identify his target star, and a startracker which can be commanded to guice on any convenient star in the field after the image of the target star has been maneuvered into the desired entrance aperture. This method of off-set tracking makes it possible to observe any astronomical source, regardless of its brightness or nature, provided only that its position is known or can be measured with respect to a nearby guide star.
Behind the mirror containing the entrance apertures are mounted two echelle spectrographs. To achieve adequate spectral resolution it was necessary to split the total spectrum into two ranges, from 1150A to 1950A and from 1900A to 3200A, and so there are two spectrographs -each optimized for its own spectrum interval. Although two exposures are required to cover the full spectral range, the observing efficiency is hardly affected since the spectra of most astronomical sources vary so greatly in brightness that two exposures would have been necessary anyway in order to obtain optimal signals over the entire spectrum. The arrangement of the components for the short wavelength spectrograph is shown in Figure 1 . There are two separate entrance apertures, one a circle of 3 arcsec diameter and the other a 10x20 arcsec oval. Since the apertures are fixed, it is necessary to alter the pointing direction of the telescope in order to move from one aperture to the other. After passing through the aperture plate, light from the target strikes an off-axis paraboloidal collimator, is reflected to an echelle grating, and then dispersed to a spherical grating which serves both as an order sorter and as a camera mirror.
The echelle spectrum is then focused onto the 25mm faceplate of the camera system. By command a camera select mirror may be actuated to interrupt the beam and divert the image to a redundant camera.
Similarly, a plane mirror (labeled the low dispersion mirror in Figure 1 ) may be inserted in front of the echelle grating, resulting in a low dispersion spectrum produce° by the spherical grating alone.
The optical design of the long wavelength spectrograph is the same as the short wavelength spectrograph, except that two plane mirrors inclined at 45° are located behind the long wavelength entrance apertures to direct the incoming light beam into the long wavelength optical system and so separate its elements from those of the short wavelength instrument. The design characteristics of the telescope and spectrograph are summarized in Table 1 .
The spectrograph entrance apertures can be flooded with light from a platinum -neon hollow cathode lamp which is used as a wavelength standard'. Spectra of this light source are recorded periodically in order to calibrate wavelength as a function of position in the television image. This calibration is then used to determine wavelengths in the spectra of astronomical sources.
Telescope: Television cameras are installed in each spectrograph to integrate the two dimensional echelle spectrum during an exposure and to convert the stored image into video signals suitable for transmission to the ground. All four cameras (prime plus redundant in both spectrographs) are nominally identical in construction.
The basic detector is a UV -to-visible image converter2 coupled to a secondary -electron conduction (SEC) television tube which is sensitive only to visible light. The detector is illustrated in an order sorter and as a camera mirror. The echelle spectrum is then focused onto the 23mm faceplate of the camera system. By command a camera select mirror may be actuated to interrupt the beam and divert the image to a redundant camera. Similarly, a plane mirror (labeled the low dispersion mirror in Figure 1 ) may be inserted in front of the echelle grating, resulting in a low dispersion spectrum produceo by the spherical grating alone. The optical design of the long wavelength spectrograph is the same as the short wavelength spectrograph, except that two plane mirrors inclined at 45° are located behind the long wavelength entrance apertures to direct the incoming light beam into the long wavelength optical system and so separate its elements from those of the short wavelength instrument. The design characteristics of the telescope and spectrograph are summarized in Table 1 . The spectrograph entrance apertures can be flooded with light from a platinum-neon hollow cathode lamp which is used as a wavelength standard 1 . Spectra of this light source are recorded periodically in order to calibrate wavelength as a function of position in the television image. This calibration is then used to determine wavelengths in the spectra of astronomical sources. Television cameras are installed in each spectrograph to integrate the two dimensional echelle spectrum during an exposure and to convert the stored image into video signals suitable for transmission to the ground. All four cameras (prime plus redundant in both spectrographs) are nominally identical in construction. The basic detector is a UV-to-visible image converted coupled to a secondary-electron conduction (SEC) television tube which is sensitive only to visible light. The detector is illustrated in Figure 2 . The entrance window of the image converter is magnesium fluoride, transparent to wavelengths Figure 2 . Schematic arrangement of an IUE detector longer than 1150A, and on its inside face is a cesium -telluride photocathode which has useful quantum efficiency for wavelengths shorter than 3200A. The converter is proximity focused and produces a gain of about six blue photons for every UV photon incident upon it. The blue image from the converter is transferred via fiber -optic coupling to the bi-alkali photocathode of the television tube. The bi-alkali photoelectrons are accelerated through an electrostatically -focused image section onto the SEC target where an electron multiplication of about 50 is produced and the charge image is accumulated for the duration of the exposure. Exposures are shuttered by turning on and off the camera power supply. The shortest exposure attainable in this way is about one second duration; the longest exposure which IUE has obtained so far in orbit is 20 hours.
FIBER OPTIC COUPLING
The image is read on completion of the exposure.
The readout section of the tube is similar to that of a standard vidicon although its operation is somewhat different. The read beam is deflected digitally to scan a raster of 768x768 pixels in 37-micron steps across the image.
At each pixel location the read beam is pulsed on and discharges the target, giving rise to an output video pulse corresponding to the positive charge on the target at that pixel.
The video signal is digitized by an 8 -bit A/D converter and telemetered to the control center in real time.
The response of a camera is non -linear at high signal levels due to saturation effects in the SEC target. An intensity transfer function may be generated in orbit by taking a sequence of images at various exposure times while the camera is illuminated by a mercury flood lamp which produces predominantly 2537A radiation. Images taken in this way are used to define transfer functions for each of the half -million pixels in the camera image, and this transformation must then be applied to every element in the image of a spectrum in order to make the resulting data linear photometrically.
The accuracy with which a spectral feature can be measured is limited by noise sources within the camera and in the readout process; it is also affected by the spatial resolution which the camera can achieve. The signal -to -noise ratios obtained with the IUE cameras are typically about 60 percent of the theoretical photoelectron -noise limit.
In practice one may expect to achieve signal -to -noise ratios of 15 to 20 in well exposed spectra. The spatial resolution is determined by the combined effects of the UV converter and television tube.
The point spread function consists of a narrow kernel with extended faint wings resulting from halation effects in the converter.
The camera system achieves 50 percent modulation at about five line pairs /mm.
Sources of background noise Tube background
The fundamental background of the camera system is produced mainly by thermionic effects in the UV converters and television tubes.
These effects produce diffuse background signals at the rate of about 1 -2 percent of full -scale signal per hour of exposure.
This background level was exhibited by all the IUE cameras when they were first placed into orbit, and the backgrounds of the spare cameras which are rarely used have not changed appreciably in the past three years.
On the other hand, the background rates of the two principal cameras that have been used steadily since launch have slowly increased and are now about twice as much as they were shortly after launch. A possible cause for this change is that the phosphor in the UV converter has slowly become excited into very slow -decay modes of phosphorescence as a result of frequent irradiation, primarily from on -board flood lamps.
If this explanation were correct, the backgrounds might be brought back to their original rates by switching to the spare cameras for an extended period of use and allowing the principal cameras to rest.
Another form of tube background arises from the halation effects in the UV converter. The background arising from halation is obviously dependent on the nature of the image, but the halation function is a broad, flat distribution extending over several millimeters, so that in a complicated image such as an echellogram the halation can take the appearance of a slowly varying diffuse background. Proper allowance for this background is perhaps the most difficult aspect of reducing the echelle spectra and is a major limitation to the photometric quality of these data.
Radiation
An important aspect of data quality is the background produced by radiation from the Earth's trapped electron belts. Although the satellite has a 24 -hour geosynchronous period, the orbit is not circular, but dips down into the radiation belts from above.
The orbital eccentricity is 0.24, giving perigee of 25,670 km, and the cameras are subject to significant electron fluxes for several hours on either side of perigee. The cameras are surrounded by aluminum shields at least 4mm thick to reduce the radiation to acceptable levels. Even so, electrons which penetrate the shields can produce Cerenkov radiation in the magnesium fluoride faceplate of the camera, resulting in an unacceptably high diffuse background after a long exposure. The level of trapped radiation near IUE's perigee is extremely variable with time scales of a few days, producing a space astronomy analog to weather at a ground observatory. During very quiet periods the radiation induced background is insignificant, whereas during periods of peak activity the maximum exposure time may be limited to only a few minutes. An important observing aid is a radiation sensor on board the spacecraft which is continuously monitored on the ground. The sensor's signal level has been empirically calibrated in terms of the background recorded in the camera images so that the radiation -induced background accumulating in the current exposure can be anticipated.
The exposure time may then be revised in real time in order to optimize
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longer than 1150A, and on its inside face is a cesium-telluride photocathode which has useful quantum efficiency for wavelengths shorter than 3200A. The converter is proximity focused and produces a gain of about six blue photons for every UV photon incident upon it. The blue image from the converter is transferred via fiber-optic coupling to the bi-alkali photocathode of the television tube. The bi-alkali photoelectrons are accelerated through an electrostatically-focused image section onto the SEC target where an electron multiplication of about 50 is produced and the charge image is accumulated for the duration of the exposure. Exposures are shuttered by turning on and off the camera power supply. The shortest exposure attainable in this way is about one second duration; the longest exposure which IUE has obtained so far in orbit is 20 hours.
The image is read on completion of the exposure. The readout section of the tube is similar to that of a standard vidicon although its operation is somewhat different. The read beam is deflected digitally to scan a raster of 768x768 pixels in 37-micron steps across the image. At each pixel location the read beam is pulsed on and discharges the target, giving rise to an output video pulse corresponding to the positive charge on the target at that pixel. The video signal is digitized by an 8-bit A/D converter and telemetered to the control center in real time.
The response of a camera is non-linear at high signal levels due to saturation effects in the SEC target. An intensity transfer function may be generated in orbit by taking a sequence of images at various exposure times while the camera is illuminated by a mercury flood lamp which produces predominantly 2537A radiation. Images taken in this way are used to define transfer functions for each of the half-million pixels in the camera image, and this transformation must then be applied to every element in the image of a spectrum in order to make the resulting data linear photometrically.
The accuracy with which a spectral feature can be measured is limited by noise sources within the camera and in the readout process; it is also affected by the spatial resolution which the camera can achieve. The signal-to-noise ratios obtained with the IUE cameras are typically about 60 percent of the theoretical photoelectron-noise limit. In practice one may expect to achieve signal-to-noise ratios of 15 to 20 in well exposed spectra. The spatial resolution is determined by the combined effects of the UV converter and television tube. The point spread function consists of a narrow kernal with extended faint wings resulting from halation effects in the converter. The camera system achieves 50 percent modulation at about five line pairs/mm.
Sources of background noise Tube background
The fundamental background of the camera system is produced mainly by thermionic effects in the UV converters and television tubes. These effects produce diffuse background signals at the rate of about 1-2 percent of full-scale signal per hour of exposure. This background level was exhibited by all the IUE cameras when they were first placed into orbit, and the backgrounds of the spare cameras which are rarely used have not changed appreciably in the past three years. On the other hand, the background rates of the two principal cameras that have been used steadily since launch have slowly increased and are now about twice as much as they were shortly after launch. A possible cause for this change is that the phosphor in the UV converter has slowly become excited into very slow-decay modes of phosphorescence as a result of frequent irradiation, primarily from on-board flood lamps. If this explanation were correct, the backgrounds might be brought back to their original rates by switching to the spare cameras for an extended period of use and allowing the principal cameras to rest.
Radiation
An important aspect of data quality is the background produced by radiation from the Earth's trapped electron belts. Although the satellite has a 24-hour geosynchronous period, the orbit is not circular, but dips down into the radiation belts from above. The orbital eccentricity is 0.24, giving perigee of 25,670 km, and the cameras are subject to significant electron fluxes for several hours on either side of perigee. The cameras are surrounded by aluminum shields at least 4mm thick to reduce the radiation to acceptable levels. Even so, electrons which penetrate the shields can produce Cerenkov radiation in the magnesium fluoride faceplate of the camera, resulting in an unacceptably high diffuse background after a long exposure. The level of trapped radiation near lUE's perigee is extremely variable with time scales of a few days, producing a space astronomy analog to weather at a ground observatory. During very quiet periods the radiation induced background is insignificant, whereas during periods of peak activity the maximum exposure time may be limited to only a few minutes. An important observing aid is a radiation sensor on board the spacecraft which is continuously monitored on the ground. The sensor's signal level has been empirically calibrated in terms of the background recorded in the camera images so that the radiation-induced background accumulating in the current exposure can be anticipated. The exposure time may then be revised in real time in order to optimize the quality of the data.
So far, attempts to forecast the radiation environment have met with little success although, like the weather, the radiation level tomorrow will probably be similar to the level today. In general, there appears to be an anti -correlation between solar activity and the amount of trapped radiation along the IUE orbit3.
This may mean that observing conditions will worsen in the future as we approach solar minimum.
In addition to the diffuse background, long-exposure images may exhibit discrete blemishes consisting of random bright spots and occasional comet -like streaks.
These blemishes appear to be caused by the infrequent interaction of cosmic rays with the faceplate of the converter.
The effects of these isolated defects can usually be removed during the process of data reduction.
Scattered white light
Two types of scattering in the telescope can affect the purity of the spectroscopic data. The first is wide angle scattering from sources out of the telescope field -of -view. The two principal sources to be concerned with are the Earth and Sun.
The baffle system performs well enough that the scattered light level at the focal plane of the telescope is essentially independent of the angle to the Sun for all angles greater than 50 °.
On the other hand, the telescope may be pointed so that earthlight directly enters the telescope tube and the scattered light level is a strong function of the angle to the sunlit limb of the Earth. For Earth angles greater than 80 °, the apparent sky brightness, after suitable correction for zodiacal light, is about 21.5 visual magnitudes per square arcsecond. As the telescope is pointed closer to the Earth, the sky brightness changes slowly until, at about 25 °, the primary mirror becomes directly illuminated by earthlight. Beyond that point the scattered white light increases rapidly although, as pointed out above, the UV content of that light is very small and has no appreciable affect on the data. Narrow -angle scattering in the telescope optics can be a more severe problem, particularly in cases where a faint star must be observed in the presence of scattered light from a nearby, much brighter star. Tests on bright stars indicate that if a source is offset 10 arcsec away from the center of the 3 arcsec entrance aperture, its spectrum can still be recorded by the spectrograph with an attenuation of 10 stellar magnitudes, or a factor of 104.
Scattered dispersed light
The principal sources of scattering inside the spectrographs are the low dispersion gratings. Quantitative tests for scattered dispersed light are difficult to make in orbit, but the available data are consistent with pre -flight laboratory measurements on the individual flight gratings4. An easy test for the existence of scattered light is made by examining the spectrum at wavelengths shorter than 1150A. Below this wavelength the optical system is very inefficient and the camera faceplate is opaque, so that any apparent signal is spurious and presumably due to longer wavelength scattered light. Since the large -angle scattering for these gratings varies slowly, the scattering measured below 1150 may be used with some confidence to correct continuum measurements in the region from 1150 to around 1900A. The actual amount of scattering encountered is highly dependent on the nature of the source.
In a typical example, however, for a G -type star with a color temperature near 5700 °K, the scattered light level below 1900A is about 10-4 times the intensity of the stellar continuum longer than 2500A which contributes most of the scattered photons.
Photometric calibration
The detailed photometric calibration was intentionally delayed until the instrument was in orbit. Although many tests of its sensitivity and photometric characteristics were carried out before launch, the instrument was not designed as an absolute photometer and the fidelity with which it could have transferred an absolute standard into orbit was not high enough to warrant the effort.
Instead, the procedure that was followed was to observe stars that would serve as suitable standards and which had been calibrated already by other means. First, it was necessary to derive intensity transfer functions for the cameras using the on -board ultraviolet flood lamps.
Next, spectra were obtained of stars whose fluxes were well known, and these data were used to derive the instrumental calibration. This work has been described in detail by Bohlin, et al.5.
About a dozen stars have been used in defining the instrumental calibration. However, greatest weight has been given to observations of the second magnitude 83 star, Eta Ursae Majoris.
It is bright enough for its spectrum to have been carefully measured by a number of instruments on sounding rockets and earlier satellites, and its flux distribution is also believed to be well understood on theoretical grounds. Discrepancies between the various flux measurements for this star are generally less than 10 percent, and disagreements between the measurements and predictions of theoretical models are also 10 percent or less. The resulting inverse sensitivity curves for the long and short wavelength spectrographs are shown in Figures 3  and 4 The general shape of the short wavelength curve is characteristic of MgF2 optical coatings and transmission elements.
The long wavelength sensitivity is limited near 3200A by the cesium telluride photocathode of the image converter.
Near 2000A, the sensitivty decreases due to coatings of oxidized silicon which are used to control contamination from second order spectra. the quality of the data. So far, attempts to forecast the radiation environment have met with little success although, like the weather, the radiation level tomorrow will probably be similar to the level today. In general, there appears to be an anti-correlation between solar activity and the amount of trapped radiation along the IUE orbit^. This may mean that observing conditions will worsen in the future as we approach solar minimum.
In addition to the diffuse background, long-exposure images may exhibit discrete blemishes consisting of random bright spots and occasional comet-like streaks. These blemishes appear to be caused by the infrequent interaction of cosmic rays with the faceplate of the converter. The effects of these isolated defects can usually be removed during the process of data reduction.
Scattered white light
Two types of scattering in the telescope can affect the purity of the spectroscopic data. The first is wide angle scattering from sources out of the telescope field-of-view. The two principal sources to be concerned with are the Earth and Sun. The baffle system performs well enough that the scattered light level at the focal plane of the telescope is essentially independent of the angle to the Sun for all angles greater than 50°. On the other hand, the telescope may be pointed so that earthlight directly enters the telescope tube and the scattered light level is a strong function of the angle to the sunlit limb of the Earth. For Earth angles greater than 80°, the apparent sky brightness, after suitable correction for zodiacal light, is about 21.5 visual magnitudes per square arcsecond. As the telescope is pointed closer to the Earth, the sky brightness changes slowly until, at about 25°, the primary mirror becomes directly illuminated by earthlight. Beyond that point the scattered white light increases rapidly although, as pointed out above, the UV content of that light is very small and has no appreciable affect on the data. Narrow-angle scattering in the telescope optics can be a more severe problem, particularly in cases where a faint star must be observed in the presence of scattered light from a nearby, much brighter star. Tests on bright stars indicate that if a source is offset 10 arcsec away from the center of the 3 arcsec entrance aperture, its spectrum can still be recorded by the spectrograph with an attenuation of 10 stellar magnitudes, or a factor of 10^.
Scattered dispersed light
The principal sources of scattering inside the spectrographs are the low dispersion gratings. Quantitative tests for scattered dispersed light are difficult to make in orbit, but the available data are consistent with pre-flight laboratory measurements on the individual flight gratings^. An easy test for the existence of scattered light is made by examining the spectrum at wavelengths shorter than 1150A. Below this wavelength the optical system is very inefficient and the camera faceplate is opaque, so that any apparent signal is spurious and presumably due to longer wavelength scattered light. Since the large-angle scattering for these gratings varies slowly, the scattering measured below 1150 may be used with some confidence to correct continuum measurements in the region from 1150 to around 1900A. The actual amount of scattering encountered is highly dependent on the nature of the source. In a typical example, however, for a G-type star with a color temperature near 5700°K, the scattered light level below 1900A is about 10~4 times the intensity of the stellar continuum longer than 2500A which contributes most of the scattered photons.
Photometric calibration
The detailed photometric calibration was intentionally delayed until the instrument was in orbit. Although many tests of its sensitivity and photometric characteristics were carried out before launch, the instrument was not designed as an absolute photometer and the fidelity with which it could have transferred an absolute standard into orbit was not high enough to warrant the effort. Instead, the procedure that was followed was to observe stars that would serve as suitable standards and which had been calibrated already by other means. First, it was necessary to derive intensity transfer functions for the cameras using the on-board ultraviolet flood lamps. Next, spectra were obtained of stars whose fluxes were well known, and these data were used to derive the instrumental calibration. This work has been described in detail by Bohlin, et al.5.
About a dozen stars have been used in defining the instrumental calibration. However, greatest weight has been given to observations of the second magnitude B3 star, Eta Ursae Majoris. It is bright enough for its spectrum to have been carefully measured by a number of instruments on sounding rockets and earlier satellites, and its flux distribution is also believed to be well understood on theoretical grounds. Discrepancies between the various flux measurements for this star are generally less than 10 percent, and disagreements between the measurements and predictions of theoretical models are also 10 percent or less. The resulting inverse sensitivity curves for the long and short wavelength spectrographs are shown in Figures 3  and 4 The general shape of the short wavelength curve is characteristic of MgF2 optical coatings and transmission elements. The long wavelength sensitivity is limited near 3200A by the cesium telluride photocathode of the image converter. Near 2000A, the sensitivty decreases due to coatings of oxidized silicon which are used to control contamination from second order spectra. In order to study the stability of IUE flux measurements, repeated low dispersion spectra of standard stars have been intercompared, and a program to reobserve these standards is continuing at a low rate in order to monitor long term changes in the instrument and its calibration. One vexing problem revealed by these studies is that the intensity transfer functions do not always the data fully corrected for photometric non -linearities.
A major part of the problem was overcome when it was discovered that the short wavelength intensity transfer functions were incorrect due to a systematic numerical error when they were derived6. All short -wavelength spectra obtained for about the first year were processed with these invalid functions and a major effort was required to correct the early data for this mistake. On the other hand, the linearity of data from the long wavelength camera slowly deteriorated after its initial photometric calibration, such that fluxes derived from under -exposed spectra with low signal levels can now be systematically in error by 5 to 10 percent. Although the reasons for this change are not entirely understood, it presumably resulted from changes in the response of this camera during the first 6 to 8 months in orbit. The error has existed with little change since November, 1978. We are currently considering the possibility of rederiving the intensity transfer functions. Since it would be a major effort, requiring substantial amounts of satellite time that could otherwise be used for research, it will not be done unless we become convinced that the data quality would be substantially improved as a result.
One factor which affects the photometric stability of the cameras is temperature. Laboratory studies7 have shown that the efficiency of the phosphor used in the UV converters has a temperature coefficient of -0.8% C-1, and this variation has been confirmed as a property of the cameras in orbit. The camera temperatures may be monitored by a thermistor mounted in the read head amplifier of each camera, and they lie generally in the range between 5 and 15 °C.
Thus the sensitivity changes due to temperature are small, but not entirely negligible if the best photometric accuracy is desired.
The repeatability of the camera systems may be investigated by intercomparing low dispersion spectra of a suitable standard star taken at various times.
The scatter in such measurements can be large if weak exposures or exposures taken under severe background conditions are included. However, if optimum exposures are used and corrected for temperature as described above, the standard deviation for a 25A bandpass flux measurement is 2 percent for the short wavelength camera and 3 percent for the long wavelength camera.
The calibration of the instrument is being monitored to look for long term changes in the sensitivity of the system.
The results of these studies are illustrated in Figures 5 and 6 . These figures show relative system response at three different wavelengths for each camera, as measured by repeated observations of three standard stars over a period of nearly three year.
Linear regression analyses of these data yield the sensitivity variations shown in Table 2 .
The data indicate that the changes at 1550A and 1850A were more In order to study the stability of IUE flux measurements, repeated low dispersion spectra of standard stars have been intercompared, and a program to reobserve these standards is continuing at a low rate in order to monitor long term changes in the instrument and its calibration. One vexing problem revealed by these studies is that the intensity transfer functions do not always the data fully corrected for photometric non-linearities. A major part of the problem was overcome when it was discovered that the short wavelength intensity transfer functions were incorrect due to a systematic numerical error when they were derived6 . All short-wavelength spectra obtained for about the first year were processed with these invalid functions and a major effort was required to correct the early data for this mistake. On the other hand, the linearity of data from the long wavelength camera slowly deteriorated after its initial photometric calibration, such that fluxes derived from under-exposed spectra with low signal levels can now be systematically in error by 5 to 10 percent. Although the reasons for this change are not entirely understood, it presumably resulted from changes in the response of this camera during the first 6 to 8 months in orbit. The error has existed with little change since November, 1978. We are currently considering the possibility of rederiving the intensity transfer functions. Since it would be a major effort, requiring substantial amounts of satellite time that could otherwise be used for research, it will not be done unless we become convinced that the data quality would be substantially improved as a result.
One factor which affects the photometric stability of the cameras is temperature. Laboratory studies^ have shown that the efficiency of the phosphor used in the UV converters has a temperature coefficient of -0.8% C~l, and this variation has been confirmed as a property of the cameras in orbit. The camera temperatures may be monitored by a thermistor mounted in the read head amplifier of each camera, and they lie generally in the range between 5 and 15°C. Thus the sensitivity changes due to temperature are small, but not entirely negligible if the best photometric accuracy is desired.
The repeatability of the camera systems may be investigated by intercomparing low dispersion spectra of a suitable standard star taken at various times. The scatter in such measurements can be large if weak exposures or exposures taken under severe background conditions are included. However, if optimum exposures are used and corrected for temperature as described above, the standard deviation for a 25A bandpass flux measurement is 2 percent for the short wavelength camera and 3 percent for the long wavelength camera.
The calibration of the instrument is being monitored to look for long term changes in the sensitivity of the system. The results of these studies are illustrated in Figures 5 and 6 . These figures show relative system response at three different wavelengths for each camera, as measured by repeated observations of three standard stars over a period of nearly three year. Linear regression analyses of these data yield the sensitivity variations shown in Table 2 . The data indicate that the changes at 1550A and 1850A were more rapid during 1978 and have slowed down considerably since then. In any event, the apparent changes are small for both cameras, and there is no indication of the strong sersitivity decreases near 2600A and below 1300A which might be expected from particle radiation damage to the MgF2 windows on the UV converters8.
Wavelength determination
Wavelength assignments to the IUE spectra are made somewhat complicated by the fact that the coordinate system established in the camera images by the readout raster is not parallel to the dispersion. The exact orientation is different for each camera and in fact is different for each order in the high dispersion echelle spectrum.
High dispersion spectra obtained of the on -board Pt -Ne lamp are used to measure the pixel locations of about 150 emission lines.
In the case of low dispersion spectra, most of these lines are no longer resolved, and only about 15 features are used. A multi-variant regression analysis is then performed to assign a wavelength (or a combination of wavelength and order number for the echelle format) to every pixel in the image.
The equations of condition are simple for low dispersion spectra since the dispersions have been demonstrated to be linear to within the accuracy they can be measured. For echelle spectra it is necessary to include quadratic terms in wavelength, order number, and their cross products. After the wavelength assignment of every pixel is known, the signal in that pixel can be added to the correct wavelength bin during the process of deriving intensity as a function of wavelength from the camera image. The final computed spectrum then not only has the best possible wavelength calibration, but also the best possible purity.
Originally, wavelength calibrations with the Pt -Ne lamp were repeated frequently and care was taken to reduce each stellar spectrum using dispersion constants derived from the most recent calibration. Experience has shown, however, that wavelength errors are smaller when stellar spectra are referenced to mean dispersion constants averaged over the preceding several months, rather than to the most recent single calibration, and this is the procedure now employed. It has also been demonstrated that the dispersion constants should include a small temperature coefficient, which is now included, and the platinum line list has recently been critically reviewed to eliminate poorly known or questionable lines. With these various improvements, the accuracies of current wavelength measurements are shown in Table 3 . In most cases the uncertainty in wavelength determination is about one -tenth the spectral resolution of the system.
The larger errors in low dispersion, long wavelength appear to be due at least in part to the lack of platinum calibration lines that are cleanly resolved at low dispersions.
Some blends are used whose effective wavelengths may be poorly known.
174 / SP /E Vol. 279 Ultraviolet and Vacuum Ultraviolet Systems (1981) rapid during 1978 and have slowed down considerably since then. In any event, the apparent changes are small for both cameras, and there is no indication of the strong sensitivity decreases near 2600A and below 1300A which might be expected from particle radiation damage to the MgF2 windows on the UV converters8 .
Wavelength assignments to the IUE spectra are made somewhat complicated by the fact that the coordinate system established in the camera images by the readout raster is not parallel to the dispersion. The exact orientation is different for each camera and in fact is different for each order in the high dispersion echelle spectrum. High dispersion spectra obtained of the on-board Pt-Ne lamp are used to measure the pixel locations of about 150 emission lines. In the case of low dispersion spectra, most of these lines are no longer resolved, and only about 15 features are used. A multi-variant regression analysis is then performed to assign a wavelength (or a combination of wavelength and order number for the echelle format) to every pixel in the image. The equations of condition are simple for low dispersion spectra since the dispersions have been demonstrated to be linear to within the accuracy they can be measured. For echelle spectra it is necessary to include quadratic terms in wavelength, order number, and their cross products. After the wavelength assignment of every pixel is known, the signal in that pixel can be added to the correct wavelength bin during the process of deriving intensity as a function of wavelength from the camera image. The final computed spectrum then not only has the best possible wavelength calibration, but also the best possible purity.
Originally, wavelength calibrations with the Pt-Ne lamp were repeated frequently and care was taken to reduce each stellar spectrum using dispersion constants derived from the most recent calibration. Experience has shown, however, that wavelength errors are smaller when stellar spectra are referenced to mean dispersion constants averaged over the preceding several months, rather than to the most recent single calibration, and this is the procedure now employed. It has also been demonstrated that the dispersion constants should include a small temperature coefficient, which is now included, and the platinum line list has recently been critically reviewed^ to eliminate poorly known or questionable lines. With these various improvements, the accuracies of current wavelength measurements are shown in Table ~b . In most cases the uncertainty in wavelength determination is about one-tenth the spectral resolution of the system. The larger errors in low dispersion, long wavelength appear to be due at least in part to the lack of platinum calibration lines that are cleanly resolved at low dispersions. Some blends are used whose effective wavelengths may be poorly known. The scientific instrumentation on board the IUE is operating well after three years in orbit. Most of the changes in the data now being produced are slight improvements as a result of our increased understanding of the properties of the instrument.
In any case, there is no evidence for serious long term deterioration that would limit the scientific usefulness of the observatory.
The various spacecraft subsystems necessary to keep the satellite operating also appear to be healthy. Although some changes have occurred in operating characteristics, the present indications are that all systems should continue to perform satisfactorily.
The only consumable on board is hydrazine, which is used for momentum control and orbital station keeping. At the current rate of usage the hydrazine should last for more than twenty years.
The efficiencies of the solar paddles are slowly decreasing almost exactly according to pre -launch predictions.
Ultimately this trend would restrict slightly the allowable pointing directions of the telescope, since the paddles would no longer produce enough power at extreme orientations with respect to the Sun.
For the most part, this restriction would reduce the convenience rather than the scientific utility of the instrument. The most serious foreseeable problem is the long term degradation of the on -board battery.
This battery is normally not used, since the solar arrays produce enough power for all modes of operation.
However, during a few weeks each Spring and Fall, the Sun is eclipsed by the Earth for periods up to about 70 minutes a day. During these times the battery must power the essential satellite systems and is driven into a rather deep state of discharge.
Ultimately, the battery must fail, making it unlikely that the satellite would survive the next eclipse.
However, with careful power management it should be possible to postpone this final day of reckoning for several years. In conclusion, I am optimistic that the IUE will continue its remarkable success for quite some time to come. 
Conclusion
The scientific instrumentation on board the IUE is operating well after three years in orbit. Most of the changes in the data now being produced are slight improvements as a result of our increased understanding of the properties of the instrument. In any case, there is no evidence for serious long term deterioration that would limit the scientific usefulness of the observatory.
The various spacecraft subsystems necessary to keep the satellite operating also appear to be healthy. Although some changes have occurred in operating characteristics, the present indications are that all systems should continue to perform satisfactorily. The only consumable on board is hydrazine, which is used for momentum control and orbital station keeping. At the current rate of usage the hydrazine should last for more than twenty years. The efficiencies of the solar paddles are slowly decreasing almost exactly according to pre-launch predictions. Ultimately this trend would restrict slightly the allowable pointing directions of the telescope, since the paddles would no longer produce enough power at extreme orientations with respect to the Sun. For the most part, this restriction would reduce the convenience rather than the scientific utility of the instrument. The most serious foreseeable problem is the long term degradation of the on-board battery. This battery is normally not used, since the solar arrays produce enough power for all modes of operation. However, during a few weeks each Spring and Fall, the Sun is eclipsed by the Earth for periods up to about 70 minutes a day. During these times the battery must power the essential satellite systems and is driven into a rather deep state of discharge. Ultimately, the battery must fail, making it unlikely that the satellite would survive the next eclipse. However, with careful power management it should be possible to postpone this final day of reckoning for several years. In conclusion, I am optimistic that the IUE will continue its remarkable success for quite some time to come.
